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Introduction
Nanowires (NWs) are promising candidates to form part of near-future electronic and optoelectronic devices due to suitable properties such as their high crystal quality and their tunable optical absorption, which are expected to foster the improvement of sensitivity of actual thin film based technology through the enhancement of the surface-to-volume ratio [1] [2] . These onedimensional structures can be developed in many material technologies such as carbon-based materials, metal oxides, IV-group semiconductors, III-V semiconductor compounds and noble metals [3] [4] . In metal oxide materials, zinc oxide (ZnO) NWs are fascinating structures due to their remarkable optical, electrical and piezoelectric properties [5] . The abundance of Zn in the nature compared to other metals and the simplicity of the methods commonly used to grow ZnO based NWs, allow their cost-effective implementation in many applications such as ultraviolet (UV) and white lightning [6] , gas and biological sensing [7] [8] [9] [10] , energy piezogeneration [11] , photovoltaics [12] and UV photodetection [13] [14] [15] [16] .
In UV light sensing, ZnO NWs (energy bandgap, Eg=3.3 eV) show some of the highest photoconductive gain values among all the wide bandgap nanostructured semiconductor compounds with high UV absorbance. The mechanism is based on the photogeneration of electron-hole pairs when the radiation is absorbed in the ZnO NW and the recombination of photogenerated holes through the occupied surface states. This recombination provokes the desorption of O2 molecules from the NW surface releasing surface trapped electrons to the NW volume, increasing the amount of free carriers, and hence, the conductivity. In addition, the surface recombination of holes increases the relaxation time of photo-generated electrons, which also contributes to enhance the photoconductive gain. Different methods have been proposed in order to improve the slow response speed of ZnO NW devices, including the fabrication of rectifying Schottky barrier contacts [17] , p-n heterojunctions or metal oxide semiconductor barriers [18] .
One important issue which reduces the large scale commercialization of highly integrated NW-based devices is the fast and reliable manipulation of those nanostructures on small areas. Different approaches are under investigation, such as dielectrophoresis (DEP) [19] [20] [21] , magnetophoresis [22] , Langmuir-Blodgett [23] , bubble blowing [24] , contact printing [25] [26] , and nanoscale combing [27] . DEP has been successfully proved to be a cost-effective method to trap and also to align nanoparticles [28] , NWs [21, [29] [30] and carbon-based nanostructures [31] [32] [33] between electrodes, as well as, to separate different particles [34] and cells [35] [36] in microfluidic systems. Briefly, this technique relies on alternating current (AC) electric fields to align those nanostructures at specific sites through the polarizability of dielectric structures [37] .
Most of earlier reports on DEP integration of NWs rely on drop-casting methods on coplanar electrodes. However, drop-casting DEP limits the reproducibility of the technique and produces final surfaces contaminated with unaligned NWs that sediment by gravity action before reaching the assembling site. Continuous flow system in microfluidic cells reduce significantly surface contamination, enabling the use of monitoring techniques, the implementation of specific bias recipes to control accurately the trapping kinetics, and the possibility of mixing materials in the same solution which can be independently trapped in several locations across the wafer changing the signal parameters (heterogeneous DEP). All these advantages make the use of continuous flow systems attractive for automating production processes in industrial environments.
On the other hand, a method to monitor NW assembly in real-time during the DEP process is desirable to improve the control over the number of aligned NWs as a function of time. This can provide information about the evolution of the process whose efficiency to trap NWs can change over time due to the modification of the inter-electrode potential. Furthermore, although several studies have been performed to evaluate the effects of AC voltage and frequency on the DEP alignment, it is a challenge to control the trapping rate only through those parameters because of local variations of the NW concentration over the alignment sites. In addition, large voltages can induce solvent electrolysis whose effects are bubble formation and electrode degradation [38] [39] . Real-time monitoring can help to detect those anomalies as soon as they happen, allowing fast correction of the alignment parameters. The few works that address this point in the literature focus on the use of impedance monitoring. In highly conductive carbon nanotubes, it is found that the variations of the impedance are dominated by changes in the parallel resistance [40] .
In this work, we provide insight on those matters by integrating ZnO NWs on transparent substrates by DEP for the fabrication of UV photodetectors. ZnO NWs are transferred to a liquid medium by sonicating the as-grown sample. To enhance the NW concentration and get rid of possible impurities, a sedimentation step is followed prior to the DEP process. A calibration curve is performed to estimate the NW concentration in further experiments by using transmittance monitoring. NWs are in-parallel integrated in linear arrays of assembling sites defined on glass substrates from a home-made DEP system. The DEP electrodes are made of a transparent conducting oxide giving rise to chips with fully transparent characteristics. We also investigate the continuous monitoring of NW assembly through the changes in parallel resistance. The uniformity, speed, and spectral responsivity are measured in the fabricated sensors. Transparency of substrate and electrodes allows the device operation under front-and back-illumination, a useful property for flip-chip bonding integration.
Experimental details

Chemicals
The dispersions are prepared with ultrapure deionized H2O (18 MΩcm) obtained from an Ultramatic Wasserlab purification system or with ethanol (EtOH) obtained from Panreac (Spain).
ZnO NW solution preparation
ZnO NWs are grown by vapor phase transport at high temperatures (T > 750ºC) in a Tempress furnace on Si(100) and sapphire c-plane (0001) substrates, as thoroughly described elsewhere [41] [42] . To integrate the NWs in the proposed sensors, the nanostructures are separated from the substrate by sonication and dispersed in a liquid medium. After drying out, the NW powder is weighed and immersed in EtOH or H2O and further sonicated for times between 30 and 180 s. Resultant concentrations out of this process range from 80 to 380 mg/L. A purification step is followed in order to get rid of large ZnO clusters which may impact negatively on the DEP process by short-circuiting the electrodes. This step is carried out by leaving the dispersion motionless during 1 h. During that time, larger particles sediment faster whereas smaller NWs remain more homogeneously distributed in the medium. Eventually, the purified supernatant is transferred to another container and heated up in order to increase the concentration by solvent evaporation.
Dispersion characterization by spectrophotometry
Optical properties of NW dispersions are studied by using a double beam UV/Cary 100 spectrophotometer. All measurements are performed using 1 cm path length quartz cuvettes.
Every absorbance (Abs) spectrum is referenced to a blank sample containing pure solvent.
Spectra are recorded in the 360-420 nm wavelength range at 1 nm step. Optical extinction in that spectral range is governed by scattering and also includes part of the absorption range of the NWs above the ZnO bandgap. To study sedimentation processes, kinetic measurements are performed at a constant wavelength of 400 nm for a time span of 1 h. At that wavelength, Abs As the NW concentration in the flow circuit of the DEP system is found to change slightly along the circuit as a result of trapping, the concentration uniformity along the circuit is evaluated by optical means extracting aliquots from the inlet and outlet ports and comparing their Abs with that of the original dispersion. In order to monitor NW trapping through impedance measurements, an inductancecapacitance-resistance (LCR) meter is connected to the pair of electrodes on the transparent substrate by using conductive silver paint. The variation of parallel resistance is measured during the alignment and compared with those values taken in pure EtOH. By counting the aligned number of NWs by optical microscopy at the end of the process, a correlation is established between the number of NWs and the relative parallel resistance variation.
Electrode fabrication and alignment by dielectrophoresis
Sensor photoresponse
The In all the electro-optic experiments, the sensor is illuminated through an optical fiber using different light sources. For assessment of the response speed, the device is exposed to light pulses of a deuterium lamp (Ref. DH-2000 Deuterium Tungsten-Halogen Light Source, OceanOptics (USA)). To study the uniformity of the response across the active area, Iphoto is also measured by scanning the assembly area using a precision micropositioner.
Spectral responsivities measurements are also carried out at different DC bias between 3 and 11 V using a Xenon lamp as the light source coupled to a 1/8 m monochromator. To exploit the transparent characteristics of the chips, back-illumination is also studied and compared with the regular front-characterization. All measurements are performed on a non-reflective surface to minimize specular reflection.
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Results and discussion
Preparation of the NW dispersions
In order to improve the quality of the dispersion, a sedimentation process is introduced after the sonication process. The sedimentation rate of particles depends on the balance of different forces [43] [44] . The net force on each particle comprises gravitational force ( g F ), which is directed downwards; and buoyancy ( b F ) and drag ( d F ) forces, which are oriented upwards. They are defined as:
v , µ and r represent the particle mass, particle volume, gravity constant, medium and particle densities, terminal velocity, medium viscosity, and the sphere radium, respectively. The constant 0 f is known as the frictional coefficient. According to the Stokes's law, these equations (1-3) allow estimating t v , which represents the speed of a falling sphere when the net force is zero. Thus, this parameter can be obtained from the following equation: . This ratio is always larger than 1 and accounts for the faster sedimentation of spheres [43] . The physical origin of this is related to the lower friction of the flowing spheres in the liquid solution.
To apply this model to the prepared dispersions, an estimation of the average size of the ZnO NWs is made using scanning electron microscopy images of drop-casted NWs on a Si substrate.
The dispersion under study shows average length and diameter of 14±5 µm and 190±30 nm, respectively. Thus, the average aspect ratio of those NWs is approximately 75 which yields an 0 f f ratio equals to 3.3. This means that spheres with equal volume (sphere diameter = 900 nm) are expected to fall down at 3.3 times faster than NWs. For larger spheres, the velocity is even larger. As an example, spherical particles with a diameter of 2 µm will sediment 16 times faster than the NW. In Figure 1 (a), we plot Vt for spherical particles (solid lines) of different diameters in H2O and EtOH and compare with that of the average NW (dashed lines). From those graphs, it is concluded that spherical particles with diameters larger than 500 nm are expected to suffer a faster sedimentation process than the NWs. In the present work, this fact has been used to eliminate undesired particles coming out of the substrate during the sonication process (purification). In an ideal dispersion in which all the particles were spherical, 500 nm would be the critical diameter that one may expect to filter out. It is important to notice that the alternative use of membrane filters with similar porous sizes would yield very low NW concentrations in the purified dispersions caused by the accumulation of NWs in the sidewalls of the pores which may end up clogging them. Therefore, although real dispersions usually contain impurities with random morphologies, this filtration process is seen as an effective method to remove particles up to a submicron level while keeping large NW concentrations available for DEP processes.
Despite the different physical properties of EtOH and H2O, i.e. viscosity and density, Figure   1 (a) shows that both solvents give rise to similar terminal velocities. However, in practice, NWs can show very different velocities in both solvents due to the surface interactions among them.
For the sake of comparison, ZnO NW dispersions are prepared in EtOH and H2O solvents as described in the Experimental Procedure. To compare the sedimentation rates, an aliquot of each dispersion is introduced in quartz cuvettes, monitoring changes in the Abs for 1 h in a UV/visible spectrophotometer at a constant wavelength of 400 nm. From the analysis of the absorbance at the end of the 1 h process, it is found that the concentration of NWs in EtOH is higher than in H2O. As the concentration increases the trapping probability in the DEP process, the NW integration is only performed on dispersions prepared from EtOH solvent. Besides, the final NW concentrations are quite stable over the time needed to perform the DEP alignment, 1 min, ensuring the homogeneity of the NW distribution in the solvent during the whole DEP process.
The spectral characteristic of the optical transmittances (T%) is analyzed using a UV/visible spectrophotometer. A fast scan (300 nm/min) from 420 to 360 nm is performed in a NW/EtOH dispersion with a ZnO concentration of 380 mg/L. As shown in Figure 1(c) , T% presents a fairly constant value around 27% above the bandgap wavelength of ZnO ( =380 nm), as a result of the optical losses caused by scattering phenomena. Below that wavelength, ZnO absorption contributes to reduce the T% down to 25.5%, a loss that is significantly smaller than those caused by scattering. Thus, both UV and visible light extinctions seem to be dominated by the scattering phenomena, a point that it is also confirmed by analyzing dispersions with different concentrations.
After the sedimentation step described above, the supernatant is transferred to another It is important to notice that, although NW absorptivity accounts for all optical losses [46] , it is dominated by scattering, as explained before.
For the sake of clarity, a summary of the steps followed to prepare the NW dispersion is shown in Figure 2 . Experimental conditions are also included for each step. It should be noted that those conditions may change when different sizes or different nanostructures are used. Step diagram of the preparation of the NW dispersions used in the DEP process.
In-situ characterization of the NW dispersion
To study the influence of the NW concentration inside the syringe cartridge during DEP, a basic optical system is developed to measure the scattered light. This system consists of a red laser diode and an off-axis phototransistor assembled around the cartridge to allow real-time measurements (see Figure 3(a) ). Output analog signal is monitored by serial communication with a microcontroller board.
The syringe cartridge is initially filled with 4.5 mL of EtOH. The peristaltic pump is turned on to introduce the solvent in the system. After 2 minutes, 2 mL of EtOH are added without producing any change in the output signal. Successive 1 mL volumes of a NW dispersion (450 NWs/µL) are added every 4 minutes. Upon NW dispersion casting, there is a fast signal increase due to the larger amount of scattered light impinging onto the detector (Figure 3(b) ). After reaching a peak value, the signal decreases as the NWs disperse homogeneously inside the solvent producing a plateau in the output signal after 100s. At the end of the experiment, the plateau level increases as new drops are casted and the NW concentration becomes larger. After 4 NW drops, the estimated NW concentration in the dispersion is about 170 NWs/µL. To estimate NW losses in the whole system, the optical characteristics of the input and the output dispersions are compared in the absence of DEP bias. A 5 mL volume of a NW dispersion with a 450 NWs/µL concentration is loaded in the syringe cartridge and pumped into the system.
Several aliquots of the fluid are extracted from different parts of the system and their absorbance measured in the spectrophotometer. Table 1 of the NWs, trapped in the system during the first run. Successive rinsing steps release 3% and 0%, respectively. The total amount of NWs that make all the way to the outlet is about 68% of the original concentration that, along with the 28% blocked in the filter, produced a total percentage of 96%, near the total of the original concentration. The 4% uncertainty is believed to be caused by the error accumulation in the concentration estimations. These relative changes are quantified by using: The reduction in parallel resistance is attributed to the finite exchange current density between electrodes and solvent ruled by the electrical double-layer impedance. The super-linear relationship between the current density and the applied bias causes a reduction of the parallel resistance as the bias amplitude increases. As a result of NW trapping, the interface becomes more inhomogeneous, diminishing the charge exchange and making the changes in parallel resistance less pronounced over time. This effect produces an effective deviation of the curve taken in the DEP process from that found in pure EtOH. This deviation can be quantified from the difference between the relative changes taken as Furthermore, the larger amplitude of the steps as the bias voltage increases indicates that the monitoring method is more sensitive to NW trapping at 100 kHz than at 10 kHz. The reason is that, at lower frequencies, the exchange current density is screened by the ion rearrangement in the electrical double layer causing smaller changes in the parallel resistance. In each half of the cycle of the applied potential the double layer has enough time to be built, giving rise to a potential drop. On the contrary, at higher frequencies, the double layer has less time to form since the mobility and diffusion of ions in the solution has a finite value. This reduction of the ion screening effect at higher frequencies produces a better scenario to measure the changes caused by the NW trapping [47] .
Despite the screening effect and the lower number of trapped NWs, the 10 kHz curves also present a lower parallel resistance reduction in the presence of NWs. Interestingly, an unexpected resistance drop is observed at a 10 V bias. To find out its origin, a pure EtOH droplet is dropcasted on the assembly area of one of the substrates while DEP bias is applied to the pair of electrodes. At those conditions, real-time optical microscopy reveals continuous bubble formation that leads to irreversible damage of the electrodes. The phenomenon is related to solvent electrolysis and hydrogen gas formation, which produce erosion and atom migration [38] [39] . The strong current increase measured between both electrodes gives rise to a significant reduction of the parallel resistance. The identification of those anomalies during the DEP process is another practical advantage of the method. 
where P is the absorbed power in the active areas. This parameter is estimated from the total power Pt using the following expression:
where Asensor is the optical area of the sensors and Abeam is the area of the optical beam (radium =3.5 mm). This way to estimate the optical power is based on the high uniformity of the optical density across the entire beam and on the assumption that the thickness of the NW patches multiplied by the absorption coefficient is much larger than one. Indeed, studies of the uniformity of the beam carried out at the output of the optical fiber reveal power fluctuations lower than 5% across the beam area. To calculate Asensor, each assembling site is considered to be a rectangle of 46 m 2 dimensions. Thus, the total area is obtained from the product of the total number of covered sites (14 in the present study) and the estimated area per site with a result of about 336 with an estimated number of aligned NWs of 10-20 for the most covered alignment sites
Conclusions
ZnO NW photodetector arrays have been fabricated following a transfer process from the growth substrate to the final receptor chip using DEP. A simple sedimentation step has been proved as an effective method to remove impurities and large NW clusters that may short-circuit electrodes during DEP.
A DEP home-made system has been developed for the alignment of NWs on pre-patterned substrates. The usefulness of this system resides in the improvement of the surface quality in comparison to drop-casting methods. In addition, monitoring studies based on the parallel resistance variations between electrodes have been carried out to follow up the DEP alignment in real time. These studies have demonstrated to be helpful to estimate the number of assembled NWs and detect anomalies during the process, providing feedback for parameter optimization.
The system has been successfully used to fabricate NW-based light sensors on glassy substrates pre-coated with AZO electrodes. Taking advantage of the high visible/UV transparency of those electrodes and the high surface quality obtained after the DEP process, the devices are fully transparent and allow front-and back-illumination operation modes. The latter is a major advantage that opens the possibility of integrating the device in read-out circuits through flip-chip bonding. The same methods described here can be used in other NW technologies beyond ZnO, enabling the fast integration of those structures in electronic devices.
